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Introduction 

This is the annual report Award 

(DAMD17-01-1-0718) entitled: “Genetic and molecular characterization of Drosophila 
brakeless (iscribbler ): a novel modifier of Merlin Phenotypes.” 

As part of Specific Aim 1 of our Statement of Work, we have concentrated on characterizing 
the signal transduction pathway defined by Merlin , scribbler and Cyclin E. We believe this to 
be a major pathway involved in Neurofibromatosis type II tumor growth. We have shown 
that the two scribbler isoforms (sbbA and sbbB ) are not functionally equivalent as previously 
suggested (Yang et al, 2000; Send et al, 2000). SbbA appears to promote cell proliferation 
transcription of Cyclin E, while ectopic SbbB appears to repress proliferation. However, we 
do not know whether SbbB is repressing Cyclin E transcription or SbbA activating Cyclin E 
transcription. From genetic epistasis, we know that Merlin functions upstream of scribbler 
and Cyclin E. We are currently in the process of determining whether Merlin regulates the 
stability of scribbler protein isoforms or the alternative splicing of scribbler to generate 
altered ratios of scribbler isoforms. From our model we predict that cells undergoing rapid 
proliferation possess larger amounts of the small scribble SbbA isoform than cells that have 
undergone differentiation and that Merlin regulates the levels of scribbler isoforms. To test 
this hypothesis we have constructed RNA probes specific to each scribbler isoform and are 
currently using them to determine whether the expression of each isoform is altered in a 
Merlin mutant background. 

We have identified a human homologue to scribbler (HSbb ) which shares a similar genomic 
organization and appears to be alternatively spliced like the Drosophila gene. Northern 
analysis of several different cancer cell lines demonstrates the presence of two major 
isoforms in a pattern reminiscent to what is observed in Drosophila. We have generated 
FLAG and HA epitope-tagged versions of the HSbb isoforms in a human CMV expression 
vector (Invitrogen) which are for experiments that are designed to determine whether human 
cells have the same requirements for the HSbb as flies do for scribbler regarding the 
regulation of proliferation. We are also planning to generate HSbb transgenic Drosophila to 
test whether the fly and human proteins are functional homologues. In addition to further 
characterize the cellular function of scribbler we have generated three antibodies to scribbler 
proteins: one specific to the larger SbbB isoform, one antibody to the highly conserved 
Region A of the protein, and an antibody to the human scribbler conserved region. 

As part Specific Aim I, we have attempted to characterize Merlin’s subcellular vesicular 
bodies using enhanced yellow fluorescent protein constructs that have been targeted to 
various intracellular membrane bound compartment: the endoplasmic reticulum, the Golgi 
and the mitochondrion. Although none of this effort resulted in the elucidation of the exact 
nature of Merlin bodies, this work was published in Biotechiques in May, 2004. 
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Body : 

In past reports we described a genetic interaction between Merlin and Cyclin E. In these 
genetic experiments, we show that Cyclin E is a dominant second site modifier of Merlin 
phenotypes expressed by a dominant negative allele of Merlin (Merlin ABIue Box ; LaJeunesse et 
al, 1998) or loss of function allele Merlin ( Mer 3 ; LaJeunesse et al, 1998; McCartney et al, 
2000). In these experiments Merlin wing phenotypes were altered in a heterozygous Cyclin E 
mutant background using two different mutant Cyclin E alleles, Cyclin E imi and Cyclin 
E om6 (data not shown). Dominant genetic interactions often predict an underlying 
interaction at a cellular and/or molecular level. Furthermore, we wished to examine whether 
mutations in Merlin reciprocally modified Cyclin E phenotypes. Since Cyclin E is an 
essential gene and flies homozygous for a null Cyclin E mutation die as embryos, we we 
unable to use null Cyclin E alleles to determine whether Merlin is a dominant modifier of 
Cyclin E. The Cyclin E mutant allele, Cyclin E Jpl ( CycE JpI ) is a viable hypomorphic allele of 
Cyclin E that expresses a small rough eye phenotype as a result of a reduction of a pigment 
cells (Secombe et al, 1998). The molecular lesion of CycE jpI is an insertion of a transposable 
element that results in a reduced expression the gene (Duman-Scheel, et al, 2002). Mutations 
in a number of known cell cycle regulators have been shown to enhance CycE JpI phenotypes 
in a dominant second site manner; that is flies homozygous for the CycE Jpl mutation and 
heterozygous for another mutation express a phenotype more severe that flies homozygous 
for CycE jpI alone. Some of the Enhancers of CycE JpI described in Secombe et al, 1998 
include genes that encode proteins known to regulate the activity of Cyclin E through 
protein-protein interactions. These include genes such as dacapo (Drosophila p21), 
retinoblastoma, and cdc2c (Secombe et al, 1998). The interpretation for these genetic 
interactions is that a quantitative reduction of proteins essential for Cyclin E function - as a 
result of heterozygosity for the mutation in such genes - results in a qualitative worsening of 
CycE jpl phenotypes. However, genetic interactions also identify genes that are involved in 
Cyclin E function in circuitous manner. For instance genetic modifiers of CycE Jpl also 
included genes encoding products involved in the G2/M transition (Secombe et al., 1998). In 
these cases, the enhancement of the CycE Jpl phenotype was interpreted as a result of less cells 
entering mitosis in these genetic combinations. 

We have discovered that Merlin is a dominant second site suppressor of CycE JpI phenotypes 
(figure 1). Flies homozygous for the CycE JpI mutation and heterozygous for a mutation in 
Merlin express a phenotype less severe (Figure 1 E and F) than flies homozygous for CycE JpI 
alone (figure 1 C and D). We have performed the experiment with two different alleles of 
Merlin - a null Mer 4 allele and a hypomorphic Mer 3 allele. In each case, the results were 
similar with the null Merlin allele expressing a slightly greater suppressor of the CycE Jpl eye 
phenotype. We also found that the CycE JpI eye phenotype is temperature sensitive. At 29°C 
the CycE^ 7 eye phenotype is more severe and we observed a similar suppression of the more 
severe CycE Jpl phenotype (figure 1 compare C and D). Our interpretation of the genetic 
interaction between Merlin and Cyclin E suggests that Merlin is involved with the negative 
regulation of Cyclin E expression or function. This negative regulation could be either 
through regulation of Cyclin E transcription or degradation of Cyclin E protein as both 
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mechanisms play a role in the transition through the cell cycle (Richardson et al, 1995). 
Moreover. Merlin might also regulate the function of expression of other Cyclin E regulators 
such as dacapo and cdk2. However, in light of other evidence we have found, we believe 
that Merlin regulates Cyclin E transcription through scribbler. 


Scribbler is also dominantly modified by Cyclin E mutations (data not shown). In these 
easts'; loss of function alleles of scribbler and Cyclin E exhibit a slight dominant second site 
modification. These results further suggest that Merlin and scribbler function together with 
Cyclin E to regulate growth. However we plan to determine whether scribbler also acts as a 
dominant modifier of CycE lpl phenotypes as Merlin does and we have constructed the four 
different recombinant chromosomes that bear the CycE JpI mutant allele and one of four 
different scribbler alleles. We choose to use to use the null scribbler allele, sbb 4 , the 
hypomorphic scribbler allele sbb 032027 ^ and two Enhancer of Merlin alleles of scribbler, 
sbb 2 * 6 and sbb 324 . 

Figure 1. Merlin is a Dominant Suppressor of hypomorphic Cyclin E 
phenotypes 



Figure 1. Mutations in Merlin 
dominantly suppress the recessive 
rough eye phenotype expressed by a 
hypomorphic Cyclin E mutation. A) 
Wild type adult eye at ~20°C, B) 
Wild type adult eye at 29°0, C) 
CycE p, /Cyc E jp> adult eye at ~20°C, 
D) CycE pl /CycE pI adult eye at 29°C 
E. mer 4 /+; Cyc E Jpl /CycE Jpl adult 
eye at ~20°C; F) mer 4 /+; 

CycE pl /CycE 1 ’ 1 adult eye at 29°C. 
The adult Drosophila eye contains 
400 ommatidia arranged in a highly 
organized array . Homozygosity for 
CycE Jpl results in a smaller, more 
disorganized arrangement of 
ommatidia due to reduced number of 
pigment cells (Secombe et al, 1998). 
The CycE ,pl eye phenotype is 
temperature sensitive, compare C 
and D. In a CycEjpl mutant 
background, heterozygosity for a 
null Merlin allele ( Mer 4 ) suppresses 
this phenotype, compare E to C and 
F to D. At 20°C this phenotype is 
suppressed almost to wild type size. 


This experiment also helps us with an objective in Specific Aim 1 in which we planned to 
determine whether there were qualitative differences between scribbler mutations regarding 
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proliferation and interactions with Merlin. Null alleles of scribbler that eliminate both isoforms 
of scribbler do not significantly modify Merlin phenotypes (LaJeunesse et al, 2000), therefore 
we predict that only the ‘Enhancer of Merlin ’ scribbler alleles (which have molecular lesions 
that only affect the SbbB isoform) will behave like loss of function Merlin mutations. 

Scribbler was simultaneously identified by five independent groups: two working on axon 
guidance in the developing retina of the Drosophila eye (Senti et al, 2000; roa et ah, 2000), one 
in a screen for mutations that affect feeding behavior (Yang et al, 2000), another working on 
genes that regulate decapentapelgic signaling in the developing wing disc (Funakoshi et al., 
2001), and as a modifier of Merlin phenotypes (LaJeunesse et al, 2001). In an initial 
characterization of scribbler, both isoforms were shown to rescue the lethality and axon guidance 
defects associated with loss of scribbler function (Senti et al., 2000). However, we have 
demonstrated that although there appears to be redundant function shared between small and 
large scribbler isoforms, expression of the smaller 929 amino acid long SbbA isoform results in 
an increase of cell proliferation. When expressed in the posterior compartment of the wing 
(figure 2A), ectopic expression 

Figure 2: Ectopic expression of SbbA and 



Figure 2: Two scribbler isoform work in opposite fashions regarding proliferation of wing cells. 
All wings are from three day old adult female flies. A) wild type adult wing with the posterior 
compartment shaded. B) A adult wing expressing UAS::SbbA (the small scribbler isoform) under 
the engrailed-Ga\4 in posterior compartment of wing. Notice the increase in the area when 
compared with wild type wing. C) Wing expressing UAS::SbbB (the large scribbler isoform) under 
the engrailedGaM in posterior compartment of wing. Notice the decrease in the area when 
compared with the wild type wing and loss of the posterior cross vein (small arrow) and ectopic 
material along wing margin. D) A wing co-expressing UASr.SbbA and UAS::SbbB. Notice how 
wing’s size is closer to wild type and how defects in venation seen with expression of SbbB are not 
present. 
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of sbbA results in an increase in surface area without an increase in size of the cells (figure 
2B). We observe the same phenotype when we express sbbA using different expression 
systems. We also observe an increase in the amount of incorporation of BrdU in the posterior 
compartment in the developing wing imaginal disc (data not shown). In contrast, expression 
of the larger 2028 amino acid SbbB isoform results in a marked decrease in size of the 
posterior compartment (figure 2C). The decrease in size does not appear to be due to ectopic 
apoptosis, as co-expression of a bacculovirus P35 protein which inhibits apoptosis does not 
ameliorate this phenotype. In addition, expression of the SbbB isoform also results in 
alteration of venation with the absence of the posterior cross vein and formation of ectopic 
deltas at the termini of the longitudinal veins (figure 2C, arrows). Interestingly, co-expression 
of the SbbA and SbbB isoforms results in the reversion of the overgrowth phenotype 
observed with ectopic expression of SbbA and the venation defects associated with ectopic 
SbbB expression. This result suggests to us that the relative levels of large and small 
scribbler isoforms are regulated during development to ensure proper growth and 
differentiation of wings. This result also suggests that a mechanism is in place to regulate the 
levels of these isoforms. 

Several labs have shown that scribbler functions as a negative regulator of transcription. 
Funakoshi et al, 2001 showed that scribbler (in this paper known as master of thick veins', 
mtv ) operated downstream of hedgehog signaling and decreased the transcription of thick 
veins in a domain along the anterior/posterior boundary when dpp is expressed and secreted. 
They hypothesize that this transcriptional repression in effect increased dpp signaling 
throughout the wing by permitting the dpp ligand to freely move across the wing epithelium 
(Funakoshi et al, 2001). It has been shown that the axon guidance phenotypes observed in 
scribbler loss of function developing eyes (Kaminker et al, 2002) is due to the de-repression 
of a gene called Runt in a set of key pioneering photoreceptor axons. Runt encodes a 
transcription factor that is normally repressed in the R2 and R5 photoreceptors. In scribbler 
(known in these papers as brakeless\ bks ) mutants RUNT is ectopically expressed in these 
two photoreceptors resulting in a improper trajectory of all photoreceptor axons projecting in 
to target sites within the optical regions of the Drosophila central nervous system (Kaminker 
etal, 2002). 

To examine whether scribbler transitionally regulates Cyclin E, we examined the expression 
levels of a Cyclin E LacZ reporter ( 16.4 CycE LacZ) construct in wing imaginal discs that 
over-expressed either the large or the small scribbler iso form. 16.4 CycE LacZ contains 16.4 
kb of DNA upstream of the Cyclin E coding region and has been shown to faithfully 
expression the reporter enzyme beta-galactosidase ( lacZ) in a pattern reminiscent of normal 
Cyclin E transcription (Jones et al, 2000). In flies expressing SbbA in an engrailed expression 
pattern, we observed an increase of 16.4CycE LacZ expression (figure 3, lane 6). Moreover, 
this increase in transcription correlates with an observed increase in Cyclin E protein levels 
(figure 4, lanes 3 and 5). Although we did not observe a measurable decrease in the amount 
of transcription from the 16.4CycE LacZ reporter construct when we over expressed SbbB 
(figure 3, lane 5), we did see a decrease in Cyclin E protein levels in discs expressing SbbB 
(figure 4, lanes 4 and 6) suggesting that ectopic expression of SbbB might play additional 
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although non-direct roles in Cyclin E regulation. These experiments establish scribbler ’ 
requirement for proper Cyclin E expression. 


Figure 3: Ectopic expression of scribbler 
isoforms alters 16.4 Cyclin E lacZ reporter gene 
expression 

1 2 

TV 

'■I • ’'M-i:' yE-y 



Figure 3. Cyclin E reporter genes levels are altered by ectopic 
expression of scribbler isoforms. Lane 1: w" 18 extract (no reporter 
gene present); Lane 2: heterozygous CycE LacZ extract; Lane 3, 
homozygous CycE LacZ extract; Lane 4, homozygous CycE LacZ 
extract; Lane 5, enagrailed-Gal4 UASr.SbbB; CycE LacZ!+ extract; 
Lane 6, engrailed-Gal4 UAS::SbbA ; Cyc E LacZ/+ extract. Equivalent 
quantity of protein (40ug) were loaded per lane, as verified by 
Bradford assay and independent re-probing with anti-Tubulin 
antibody. Ectopic expression of UAS::SbbA under engrailed-Ga\4 
(lane 5) expression system results in greater 16.4 Cyclin E-lacZ 
expression levels when compared to wild type (lane 2, 3 or 4). 


Figure 4: Ectopic expression of scribbler isoforms alters Cyclin 
E expression 


1 2 3 4 5 6 



Figure 3. Cyclin E protein levels are altered by ectopic expression of scribbler 
isoforms. Lane 1: wild type wing disc extract; lane 2; CycE p1 homozygous wing disc 
extract; lane 3, apterous-Gal4 UASr.SbbA wing disc extract; lane 4, apterous-Gal4 
UAS::SbbB wing disc extract lane 5, enagrailed-Gal4 UAS::SbbA\ lane 6, engrailed- 
Gal4 UAS::SbbB wing disc extract. Each lane has the equivalent quantity of protein( 
30 imaginal discs were dissected and used to make the extract) This was verified by 
Bradford assay and independent re-probing with anti-Tubulin antibody. Ectopic 
expression of UAS::SbbA under either apterous Gal4 (lane 3) and engrailed-Ga\4 
(lane 5) expression system results in greater Cyclin E levels when compared to wild 
type (lane 1). Conversely, ectopic expression of UAS::SbbB under the same drivers 
(lanes 4 and 6) results in less Cyclin E protein levels, compare to wild type (lane 1) 
and to CycEjpl homozygous wing discs (lane 2). 
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We are currently comparing the promoter regions of Cyclin E, thick veins and Runt to 
determine whether there are sites that are common between these elements. A well 
conserved tryptophan-rich basic region (Region A) in the scribbler proteins suggests that 
scribbler proteins might have site specific DNA binding capabilities. Although an 
overlapping subset of genes might be negatively regulated by both scribbler isoforms it is 
possible that at certain loci such as Cyclin E, the SbbB isoform might function to repress 
transcription while SbbA does not. 

We have developed a model of Merlin function regarding scribbler and the regulation of 
Cyclin E expression. In our model we hypothesize that in response to growth factor cessation 
Merlin switches the expression of scribbler isoform from the proliferagenic SbbA to a non- 
proliferagenic SbbB. This switch does not necessarily involve a complete change in the 
presence or absence of an isoform but could simply result in a change in the ratio of one 
isoform versus the other. We are currently testing this hypothesis with two experiments. 

The first experiment involves performing in situ hybridizations with probes specific to the 
message encoding the large scribbler isoform, to the message encoding the small scribbler 
isoform and a probe common to both scribbler isoforms in a Merlin mutant background to 
examine whether there is an alteration of scribbler isoform due to the loss of Merlin function. 
We would expect to see an increase in the message encoding the smaller scribbler isoform in 
Merlin loss of function mutants. In addition to this we are also performing Western analysis 
comparing scribbler protein levels from extracts from wild type and Merlin mutant larvae. 
While either experiment would confirm our hypothesis that Merlin is regulating the level of 
scribbler isoforms, together they tell us whether the regulation is at the level of the message 
or at the protein level. 

Although the mechanism of a putative Merlin-induced regulation of scribbler isoforms has 
not been identified we imagine that there are three possible mechanisms: the regulation of 
alternative splicing, the regulation of differential mRNA stability, and differential protein 
degradation. Recently the alternative splicing of CD44 has been demonstrated to be 
downstream of extracellular signal-regulated kinase through the activation of a RNA binding 
protein called Sam68 (Matter et al, 2002). Given that Merlin has been shown to down 
regulate both Rac/cdc42 function in mouse and human tissue culture cells (Shaw et al, 2001; 
Xiao, et al, 2002), it seems likely that one output of these pathways could be the regulation of 
Sam68 or a Sam68 like protein. Moreover, homologues exist in flies to the family of RNA 
binding protein to which Sam68 is a member (Fruscio et al, 1998) Included in this family is 
the gene held out wing {how/who), which has been identified in a number of screens 
(Fyrberg et al, 1997; Baehrecke, 1997). One possible model of Merlin function regulates 
scribbler expression via growth-factor/Rac signally responsive protein like how. 

Interestingly, the how phenotype is photocopied in both Merlin and scribbler mutant flies. 
Currently, we are testing whether how/who has a genetic interaction with Merlin or scribbler 
mutant flies. 
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Biotechniques paper summary and intentions 

As a separate objective in Specific Aim 1, we wanted to determine the nature of the 
intracellular Merlin protein containing bodies that are found in scribbler mutant epithelial 
cells. To do this we constructed three different Green Fluorescent Protein intracellular 
membrane markers and are examining their co-localization with Merlin within various 
tissues. In our studies we discovered that Merlin was not a component of the Golgi, 
endoplasmic reticulum or mitochondrial network. Nor were the aberrant Merlin localization 
due to experimental artifact. Moreover, we observed the aberrant localization of Merlin in 
different genetic backgrounds suggesting that aberrant Merlin localization may be the result 
of a more complicated phenomenon. We published our findings in Biotechniques May 2004 
issue. A copy of the manuscript is attached in the appendix. 
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Key Research accomplishments : 


• Delineation of a Merlin mediated signal transduction pathway that 

provides a clear means for the regulation of proliferation via Cyclin E 
transcription. 

• Generation of antibodies to scribbler proteins 

• Initiation of the characterization of a human scribbler homologue 
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Reportable Outcomes: 


• Poster presentations at the 45 th annual National Drosophila convention in Washington 

D.C: Poster #465C 

Merlin and scribbler isoforms regulate Cyclin E expression and cellular proliferation 
Dennis LaJeunesse, Stephanie Buckner, Rebecca Atwell, Amanda Brown, and Amanda 
Pirt. University of North Carolina Greensboro, 231 Eberhart Bldg., Greensboro, North 
Carolina 27455 

Scribbler was identified as a dominant second site modifier of the Drosophila 
Neurofibromatosis type II tumor suppressor gene homologue, Merlin. Mutations in 
Drosophila Merlin result in defects in the regulation of proliferation as well as defects in 
differentiation. We have continued the work on the circuit between scribbler. Merlin and 
Cyclin E. Using epistasis, we show that Merlin functions upstream of scribbler. We also 
demonstrate that the two scribbler isoforms (SbbA and SbbB) are not equivalent in function. 
Ectopic SbbA expression appears to promote cell proliferation, while ectopic SbbB appears 
to repress proliferation. Moreover, both scribbler and Merlin genetically interact with both 
loss and gain of function mutations of Cyclin E suggesting a common mechanism in the 
regulation of proliferation. In addition to this, we demonstrate that Sbb regulates Cyclin E 
transcription. With these data we have constructed an intriguing hypothetical pathway for 
sbb/Merlin regulation of proliferation: Merlin may regulate the alternative splicing of 
scribbler, which in turn affects Cyclin E transcription. We have also identified a human 
homologue to scribbler (HSbb) which shares a similar genomic organization to the 
Drosophila scribbler gene. We will present preliminary data on whether HSbb is 
alternatively spliced like its Drosophila homologue and plays a similar role in the regulation 
of proliferation. 

• Manuscript in BioTechniques entitled: “Three new Drosophila markers of Intracellular 

Membranes and Fixation Artifact.” 

• Manuscript in preparation entitled: “ Merlin and scribbler regulate Cyclin E expression and 

cellular proliferation.” 

• Generation of three new antisera to scribbler. 

• Generation of five RNA probes specific to SbbA and SbbB isoforms. 

• The generation of FLAG and HA tagged HSbb transgenes for examination in human tissue 

culture cells. 
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Conclusions: 


• Establishment that alternatively splice sbb isoforms have unique roles in differentiation and 

proliferation 

• Demonstration that Merlin is a dominant suppressor of Cyclin E phenotypes. 

• Identification of a signal transduction pathway by which Merlin and scribbler take part to 

regulate Cyclin E expression and cellular proliferation. 

• Aberrant Merlin protein localization observed in scribbler mutant epithelium is not a 

component of the Golgi, endoplasmic reticulum or mitochondrial network. 
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The need for cellular markers that permit a quick and accurate evaluation of a protein’s sub- 
cellular localization has increased with the surge of new data generated by the Drosophila 
genome project. In this report, we present three ubiquitously expressed Drosophila trans¬ 
genes that expressed a green fluorescent protein variant (enhanced yellow fluorescent pro¬ 
tein) that has been targeted to different intracellular membrane targets: the Golgi apparatus, 
mitochondria, and endoplasmic reticulum. These markers serve as an internal standard for 
characterizing a protein’s subcellular localization or as a means of tracking the dynamics of 
intracellular organelles during normal or abnormal cellular or developmental processes. We 
have also examined fixation artifacts using these constructs to illustrate the effects that fixa¬ 
tion andpermeabilization have on intracellular membrane organization. 


INTRODUCTION 

With the completion of the Dro¬ 
sophila genome project, there has been 
a trend in Drosophila research toward 
assessing gene function at the cellular 
level. As the field of functional genom¬ 
ics races toward a comprehensive un¬ 
derstanding of gene function, a need 
arises for intracellular standards that 
permit a quick and accurate evaluation 
of a novel protein’s localization within 
the cell. Fusion proteins to green fluo¬ 
rescent protein (GFP) and its variants 
have been used to detect a target pro¬ 
tein’s subcellular localization in both 
living and fixed cells (1-3). Here we 
describe three Drosophila transgenes 
that ubiquitously express a GFP vari¬ 
ant, enhanced yellow fluorescent pro¬ 
tein (EYFP), which has been targeted to 
different intracellular membrane bound 
compartments: the Golgi apparatus, the 
endoplasmic reticulum, and the mito¬ 
chondria. While extensive work has 
been performed on fixation and fixation 
artifacts in electron microscopy, there is 
little or no literature dealing with such 
topics in fluorescent light microscopy, 
especially regarding fixation of whole 
tissues in a multicellular model organ¬ 
ism. Because EYFP can be examined in 
living and fixed preparations, we took 
the opportunity to examine the effects 
of fixation and permeabilization on the 


expression and localization of the tar¬ 
geted EYFP moiety. 


MATERIALS AND METHODS 
Microscopy 

All images (both live and fixed) were 
captured using a fluorescein isothiocya¬ 
nate (FITC) filter (Chroma Technology, 
Rockingham, VT, USA) and a 60x UP- 
lanFl oil-emersion objective [numeri¬ 
cal aperture (N.A.) 1.25] with oil on an 
Olympus BX51 compound fluorescent 
microscope (Olympus America, Mel¬ 
ville, NY, USA) equipped with a Cool 
Snap fx charge-coupled device (CCD) 
digital camera (Photometries, Tucson, 
AZ, USA). The camera and microscope 
were controlled using Image Pro® Soft¬ 
ware. Captured images were imported 
into Microsoft® PowerPoint® for pre¬ 
sentation. 

Sample Preparation 

Tissue from wandering third instar 
larvae was dissected in Shields and 
Sang M3 Insect tissue culture media 
(Sigma, St. Louis, MO, USA). Living 
tissue was mounted on a glass micro¬ 
scope slide in a wet mount of 20 pL 
cell culture media under a 22-mm cov- 
erslip prepared with clay feet to prevent 


damage to the tissue. Fixed tissue was 
mounted using the ProLong® Anti¬ 
fade Kit (Molecular Probes, Eugene, 
OR, USA) and examined within 24 h 
of preparation because formaldehyde- 
based fixes tend to degrade. We ob¬ 
served little difference in tissue quality 
within 24 h of fixation. 

Cloning and P-EIement Germline 
Transformation 

The membrane-targeted moieties 
were PCR-amplified from mamma¬ 
lian expression vectors pEYFP-Mito, 
pEYFP-ER, and pEYFP-Golgi (for the 
mitochondria, endoplasmic reticulum, 
and Golgi apparatus, respectively; BD 
Biosciences Clontech, Palo Alto, CA, 
USA) and cloned into a Drosophila 
spaghetti squash (sqh ) CASPER 4 P-el- 
ement transformation vector (gift of D. 
Kiehart) (Figure 1). EYFP is a brighter, 
red-shifted variant of the original jelly¬ 
fish GFP. The sqh promoter expresses 
ubiquitously, permitting examination 
in a wide variety of tissue types without 
induction. P-element-mediated germ¬ 
line transformation was performed as 
previously described (3). 

Initial Characterization of EYFP 
Constructs in Insect Cells 

Because the EYFP constructs were 
designed for expression in mammalian 
tissue culture cells, we first determined 
whether the same organelles were la¬ 
beled in Drosophila cells. Although 
the localization of each construct ap¬ 
peared to be similar in both human 
HeLa tissue culture cells and Dro¬ 
sophila Schneider line 2 tissue culture 
cells, we confirmed the localization 
in Drosophila tissue culture cells by 
double labeling the transfected cells 
with a fluorescent dye that specifically 
labeled each organelle, using Mito- 
Tracker Orange CMTMRos for the mi¬ 
tochondria, NBDC 6 -ceramide for the 
Golgi apparatus, and ER-Tracker™ 
Blue-White DPX for the endoplasmic 
reticulum (all from Molecular Probes). 
In each case, we found that the signals 
overlapped perfectly, suggesting that 
our constructs labeled the intended 
structures in Drosophila cells (data not 
shown). Three independent insertions 
of each construct were characterized, 
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and each displayed subcellular patterns 
of localization to specific compart¬ 
ments that we interpreted as analogous 
to the structures we identified in the 
tissue culture. 

Buffer Preparation 

Buffer compositions are as follows: 
phosphate-buffered saline (PBS); phos¬ 
phate lysine periodate (PLP), 0.037 
M sodium phosphate, 0.075 M lysine, 
0.01 M sodium periodate, pH 7.2; and 
PIPES/EGTA/magnesium (PEM), 0.1 
M PIPES, 1 mM MgCl 2 , 1 mM EGTA, 
pH 6.9. An 8% paraformaldehyde stock 
solution was prepared by dissolving 
80 g of paraformaldehyde in 80 mL 
of warmed water and 10 pL of 10 N 
NaOH and heated to 55°C for 2-3 h, 
distilled water was added to 100 mL, 
and the solution was vacuum-filtered to 
remove the flocculent nonsoluble frac¬ 
tion. To make fixatives, an appropriate 
amount of this paraformaldehyde stock 
solution was diluted in the desired con¬ 
centrated buffer solution. In lx PEM 
and lx PBS buffers, a concentration of 
either 2% or 4% of paraformaldehyde 
was used; PLP fixative was made with 
2% paraformaldehyde. Samples were 
fixed for 20 min at either 4°C or 21°C. 
To test for the effects of permeabiliza- 
tion, a 30-min wash of lx PBS, 1% bo¬ 


vine serum albumin (BSA), and 0.1% 
Triton® X-100 (Sigma), called PBT, 
was performed on fixed samples. 


RESULTS 

We examined the expression of each 
construct in several different tissues, 
including muscles, neuronal cells, and 
epithelial cells (imaginal discs, guts, 
and salivary glands). In general, Dro¬ 
sophila cells are small; thus, in this re¬ 
port, we used the giant epithelial cells 
of the third instar larval salivary gland 
to demonstrate our results. These cells 
are large (approximately 100 pm in di¬ 
ameter) and permit easy observation of 
the subcellular localization of each of 
the organellar/intracellular membrane- 
targeted EYFP constructs. Considering 
that all immunological protocols in¬ 
volve a fixation step and that EYFP can 
be visualized in both living and fixed 
tissues, we examined the effects of 
fixation on the organization and distri¬ 
bution of intracellular membrane struc¬ 
ture. We tested two concentrations of 
paraformaldehyde-based fixative (2% 
or 4%) in three buffer solutions com¬ 
monly used in Drosophila research: 
PBS, PEM, and PLP, which has been 
reported to work well for membrane- 
associated epitopes (4,5). Not surpris¬ 


ingly, in all cases, we observed some 
degree of alteration of the subcellular 
EYFP patterning after fixation, regard¬ 
less of the buffer used. We also exam¬ 
ined the effects of fixation at two dif¬ 
ferent temperatures [room temperature 
and on ice (4°C)] but saw no difference 
in results between these conditions 
(data not shown). 

EYFP-Golgi showed a punctate 
distribution through the cytoplasm of 
a wide range of cells types, including 
salivary gland (Figure 2A), neuron, 
muscles, and intestinal cells (data not 
shown). While fixation does not alter 
the overall distribution of the EYFP- 
Golgi punctuate-labeled bodies, we 
observed subtle differences in the 
morphology of these structures after 
fixation, especially in the PLP buffer 
(compare Figure 2, A and D). In this 
buffer, we consistently observed finer 
distribution of Golgi throughout the 
cell. We do not know the basis for this 
observation. We also observed altera¬ 
tion in the EYFP-Golgi body organiza¬ 
tion as a function of paraformaldehyde 
concentration. Living EYFP-Golgi are 
composed of irregularly shaped, lobu¬ 
lar structure (Figure 3A, inset). Fixa¬ 
tion in 2% paraformaldehyde in PBS 
buffer resulted in a bloated, swollen ap¬ 
pearance to these structures, perhaps as 
a consequence of incomplete fixation 
(Figure 3B, inset). Fixation in 4% para¬ 
formaldehyde fixative in a PBS buffer 
resulting in a rounded, smaller, more 
regularly shaped appearance (Figure 
3C, inset). 

EYFP-Mito was also distributed 
in punctate structures throughout the 
cytoplasm in salivary gland cells (Fig¬ 
ure 21). Furthermore, we noticed that 
EYFP-Mito also had a strong local¬ 
ization at cell cortex (Figure 21, ar¬ 
rowhead) and an apical localization 
in the salivary gland epithelium basal 
to the adherens junction region, as de¬ 
termined by the localization of Merlin 
(data not shown; D.R. LaJeunesse, un¬ 
published observations). The fixation 
of EYFP-Mito in all buffer conditions 
used resulted in loss of the cortical mi¬ 
tochondrial localization, while overall, 
the punctuate distribution of the mito¬ 
chondria seemed relatively unperturbed 
(compare Figure 21 with J, K, and L). 

In living salivary gland epithelial 
cells, EYFP-ER labeled a reticular net- 
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Figure 1. Drosophila spaghetti squash enhanced yellow fluorescent protein (EYFP) membrane-tar¬ 
geting constructs. Mammalian expression vectors pEYFP-ER, pEYFP-Golgi, and pEYFP-Mito were 
used to target sequence for the endoplasmic reticulum, Golgi apparatus, and the mitochondria, respec¬ 
tively. SV40, simian virus 40; UTR, untranslated region. 
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work found throughout the cytoplasm 
(Figure 2E). This reticular pattern was 
observed in different tissue types in 
varying degrees, ranging from com¬ 
pletely filling the cytoplasm to a fine 
diaphanous network (data not shown). 
In this case, the pattern resembled that 
of a GFP fusion with an endoplasmic 
reticulum-specific protein disulfide 
isomerase (6). Interestingly, while the 
Golgi and mitochondria maintained 
some of the structural integrity that was 
observed in living tissue after fixation 
with a paraformaldehyde-based fixa¬ 
tive, fixation of EYFP-ER resulted in 
complete loss of all observable struc¬ 
ture. The result is an amorphous mass 
that occupies the cytoplasm and that is 
completely devoid of any discemable 
reticulum organization (compare Fig¬ 
ure 2E with F, G, and H). 

Since many immunological localiza¬ 
tion techniques contain a permeabiliza- 
tion step that usually involves a wash 
with a buffered solution containing a 
detergent, we wished to examine the 


effects on the organization and appear¬ 
ance of our labeled structures by treat¬ 
ing the fixed tissue with a detergent 
wash. As our detergent, we used stan¬ 
dard concentration 0.1% of a common 
reagent, Triton X-100. After fixation, 
we exposed the samples (either EYFP- 
Golgi or EYFP-Mito salivary glands) 
to a 30-min incubation/wash with PBT. 
This step is similar in both composition 
and duration to the blocking and incu¬ 
bations steps found in many common 
immunohistological protocols used in 
Drosophila research. As in the previ¬ 
ous experiments, we fixed under sev¬ 
eral different buffered conditions and 
used either a 2% or 4% concentration 
of paraformaldehyde. These results are 
shown in Figure 3. As stated before, 
fixation with paraformaldehyde result¬ 
ed in alterations of Golgi morphology 
(compare Figure 3A and inset with B 
and C). Furthermore, poorer preserva¬ 
tion translated into a complete loss of 
label after incubation with buffer con¬ 
taining 0.1% Trition X-100 (compare 


Figure 3, B and D), while stronger fixa¬ 
tion preserved the Golgi morphology 
better (compare Figure 3, C and E). 


DISCUSSION 

Subcellular localization is a power¬ 
ful aid in determining gene function. 
Here we report the characterization of 
three new EYFP intracellular mem¬ 
brane markers for use in the Drosophila 
model system (, Sqhr.EYFP-Golgi , Sqh:: 
EYFP-ER , and Sqfi:: EYFP-Mito) that 
label the appropriate intracellular or¬ 
ganelles in living and fixed tissues and 
that permit the assessment of subcel¬ 
lular structures in living and fixed tis¬ 
sues and cells. These constructs will be 
of great use to the Drosophila research 
community, and stocks containing 
these constructs have been deposited 
at the Bloomington Drosophila Stock 
Center at Indiana University (Bloom¬ 
ington, IN, USA). These tools offer a 
unique opportunity for the researcher 
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studying intracellular organization and 
organelle structure. Although there are 
antibody markers and other GFP fusion 
proteins to endogenous endoplasmic 
reticular, mitochondrial, and Golgi- 
targeted proteins for use in Drosophila 
research (6,9-11), the new intracellular 
membrane markers reported in this re¬ 
port have distinct advantages over these 
tools. Since these constructs are merely 
EYFP moieties targeted to a specific 
organelle, they will therefore be less 
likely to affect the structure and orga¬ 
nization of these organelles than ecto¬ 
pic overexpression of an endogenous 
protein. Moreover, the targeted EYFP 
constructs described in this paper are 
ubiquitously expressed and are not 
constructed in the bipartite UAS/GAL 
system (12); therefore, observation of 
the EYFP does not require the addition 
of further genetic elements, thus expe¬ 
diting mutant analysis and phenotypic 
characterization. 

Using these constructs, we also ad¬ 
dressed the topic of fixation artifact. An 
overwhelming majority of information 
regarding protein subcellular localiza¬ 
tion has been determined by common 
immunohistochemical techniques in 
which a tissue is fixed (usually with a 
formaldehyde-based fixative), incu¬ 


bated with a primary antibody specific 
to the target protein, and then labeled 
with secondary antibodies for detec¬ 
tion (7). However, astonishingly little 
work has been published regarding the 
extent and role that fixation artifact 
plays in this process, although differ¬ 
ences between living and fixed tissue 
have been alluded to in the literature 
and anecdotally. Traditionally, fixation 
artifact has been of greater concern in 
electron microscopy, and through the 
development of some advanced proce¬ 
dures such as freeze substitution, a few 
of these obstacles have been overcome 
(8). In most immunohistochemical pro¬ 
cedures, there is a conflict between fix¬ 
ation and preservation of the epitope. 
Generally, longer and stronger fixa¬ 
tions preserve more of the overall cel¬ 
lular and intracellular structure, but the 
cost is the loss of the sensitive epitopes 
that are recognized by the primary anti¬ 
bodies. As shown with immunoelectron 
microscopy, the fixation of organelles 
composed of membranes with chemical 
cross-linking agents such as parafor¬ 
maldehyde presents unusual problems. 
Biological membranes are not entirely 
composed of proteins and therefore do 
not contain moieties that can be cross- 
linked, and it has been suggested that 


fixation with cross-linking agents may 
even alter apparent membrane structure 
through chemical cross-linking (8). 

Here we show that fixation alters the 
morphology of intracellular organelle 
structure. However, the extent of arti¬ 
fact was dependent on a fixative as well 
as organelle. Some structures fixed well 
under a variety of conditions (Golgi 
and mitochondria), while the endoplas¬ 
mic reticulum was extremely labile to 
any fixation protocol. In all procedures, 
we observed differences between fixed 
and living specimens. Some features 
such as the intracellular organization 
of EYFP-Golgi and the intracellular 
distribution of EYFP-Mito changed 
after fixation. However, the most strik¬ 
ing results were the effects that a short 
wash with a buffered detergent solution 
had on our EYFP markers. Since most 
immunohistological techniques that are 
used to investigate intracellular anti¬ 
gens involve a permeabilization step to 
allow the antibody access to the target 
protein inside the cell, we examined the 
effects this procedure has on the local¬ 
ization of our membrane tags. In every 
case that a permeabilization/wash step 
was used after fixation with a 2% para¬ 
formaldehyde in any buffer formula¬ 
tion, all EYFP expression was lost. This 
artifact was solely dependent on para¬ 
formaldehyde concentration as the use 
of a 4% solution in any buffer resulted 
in the preservation of EYFP. The point 
of these experiments was not to define 
the conditions of fixation of a given 
organelle but to provide experimen¬ 
tal caveats tor future investigation and 
demonstrate the artifacts that such pro¬ 
cedures generate. In general, we found 
that a 4% paraformaldehyde fixative 
in a PBS buffer preserved most of the 
structure and integrity of EYFP-Golgi 
and EYFP-Mito localization even af¬ 
ter a PBT wash, while EYFP-ER fixed 
poorly under all conditions. Flowever, 
these fixation conditions might not be 
a PP ro P r i a te for all epitopes found in an 
intracellular membrane compartment, 
and therefore it is appropriate to test a 
variety of different fixation conditions. 
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Figure 3. Effect of permeabilization on enhanced yellow fluorescent protein (EYFP)-Golgi in Dro¬ 
sophila larval salivary epithelial cells. Living larval salivary gland epithelial cells with (A) EYFP- 
Golgi; inset, the EYFP-Golgi structures are not round but are composed of multiple lobed structures. 
(B) Larval salivary gland epithelial cells fixed with 2% paraformaldehyde in phosphate-buffered saline 
(PBS) buffer, inset, amorphous, swollen appearance of Golgi bodies. (C) Larval salivary gland epithelial 
cells fixed with 4% paraformaldehyde in PBS buffer; inset, small, more discrete appearance of EYFP- 
labeled structures. (D) Cells fixed with 2% paraformaldehyde and then treated with 30 min incubation 
with lx PBS, 1% bovine serum albumin (BSA), and 0.1% Triton X-100 (PBT); inset, no Golgi labeling. 
(E) Cells fixed with 4% paraformaldehyde in PBS buffer and then treated with 30 min incubation with 
PBT; inset, preservation of some Golgi staining. 
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